Minnesota became the fourth state to begin newborn screening (NBS) for X-linked adrenoleukodystrophy (X-ALD) in 2017. As there is limited retrospective data available on NBS for X-ALD, we analyzed Minnesota's NBS results from the first year of screening. C26:0 lysophosphatidylcholine (C26:0-LPC) screening results of 67,836 infants and confirmatory testing (ABCD1 gene and serum VLCFA analysis) for screen positives were obtained. Fourteen infants (nine males, five females) screened positive for X-ALD and all were subsequently confirmed to have X-ALD, with zero false positives. The birth prevalence of X-ALD in screened infants was 1 in 4,845 and 1 in 3,878 males, more than five times previous reported incidences. Pedigrees of affected infants were analyzed, and 17 male (mean age of 17) and 24 female relatives were subsequently diagnosed with X-ALD. Phenotypes of these family members included self-reported mild neuropathy symptoms in two males and seven females, and childhood cerebral disease (ccALD) and adrenal insufficiency in one male. We observed fewer cases of ccALD and adrenal insufficiency than expected in male family members (5.9% of males for both) compared to previous observations. Together, these findings suggest that the spectrum of X-ALD may be broader than previously described and that milder cases may previously have been underrepresented. Other challenges included a high frequency of variants of uncertain significance in ABCD1
| INTRODUCTION
X-linked adrenoleukodystrophy (X-ALD), is the most common peroxisomal disorder, with an estimated incidence of~1 in 17,000 births (male and female) and 1 in 21,000 males in the United States (Bezman et al., 2001) . X-ALD is caused by mutations in the ABCD1 gene, located on the X chromosome (Mosser et al., 1993) . The ABCD1 gene encodes the peroxisomal membrane protein, ATP-binding cassette sub-family D member one, also known as adrenoleukodystrophy protein, or ALDP (Mosser et al., 1993) . ALDP transports very long chain fatty acids (VLCFA) from the cytosol into the peroxisome where the VLCFA are metabolized by beta-oxidation. Pathogenic variants in the ABCD1 gene lead to absent or abnormally functioning ALDP, resulting in an accumulation of VLCFA in plasma and tissues, including the brain, spinal cord, and adrenal cortex (Kemp & Wanders, 2010; Singh, Moser, Moser, & Kishimoto, 1984) .
Clinical manifestations of X-ALD are highly variable, even in the same family, and there is neither apparent correlation between genotype and phenotype, nor between degree of VLCFA accumulation and phenotype (Kemp, Berger, & Aubourg, 2012) . The principle phenotypes observed in males with X-ALD are adrenal insufficiency (Addison disease), adrenomyeloneuropathy (AMN), and cerebral ALD (Bezman & Moser, 1998) . Affected males may manifest any combination of these, or in rare circumstances, none at all.
Most males with X-ALD will develop primary adrenal insufficiency, marked by elevated adrenocorticotropic hormone (ACTH) and low levels of cortisol, typically in the first decade of life (Blevins, Shankroff, Moser, & Ladenson, 1994) . Lifetime prevalence of adrenal insufficiency in males with X-ALD is~80% (Huffnagel et al., 2019) .
Adrenal crisis in individuals with undiagnosed adrenal insufficiency can result in rapid deterioration and death. Thus, early diagnosis of X-ALD is vital as affected males with a previously unknown diagnosis are at increased risk for adrenal crisis with physiologic stressors such as surgery or illness (Raymond, Jones, & Moser, 2007) .
The childhood cerebral form of the disease, marked by neuroinflammation, and demyelinating lesions in the cerebral white matter, occurs in~35% of boys with X-ALD (Mahmood, Dubey, Moser, & Moser, 2005) . Early clinical manifestations of cerebral disease can be subtle, and include declining school performance, clumsiness, inattention, behavioral problems, and emotional lability. Progressive auditory and visual impairment may follow as the demyelination advances Kemp, Huffnagel, Linthorst, Wanders, & Engelen, 2016; Raymond et al., 2007) . Evidence of disease is most commonly observed between ages 4 and 10 years, and progression is rapid; without treatment, cerebral disease leads to a vegetative state or death, on average, 2 years after the onset of symptoms (Kemp et al., , 2016 Mahmood et al., 2005; Raymond et al., 2007) . MRI abnormalities can be detected, on average, 2 years prior to the emergence of significant functional neurologic deficits (Mahmood et al., 2005; Moser et al., 2005) .
Males who do not develop childhood cerebral disease will, in most circumstances, develop AMN later in life. AMN is an axonopathy of the spinal cord, with onset most commonly in the third or fourth decade (Engelen et al., 2012) . Symptoms include spastic paraparesis, sphincter disturbances, and sexual dysfunction. Severity of disease is highly variable, with some men requiring the use of wheelchairs, while others have only very minor deficits even into their 60s or 70s (Turk, Moser, & Fatemi, 2017) .
Woman who are X-ALD carriers (i.e., heterozygous for an ABCD1 pathogenic variant) do not typically develop cerebral disease or adrenal insufficiency (Engelen et al., 2014) . However, up to 88% of women may become symptomatic with a myelopathy or peripheral neuropathy in adulthood (Engelen et al., 2014) . Symptoms are typically milder than those observed in males with AMN and with a later age of onset.
Standard treatment for cerebral ALD is HSCT. When successful, HSCT leads to stabilization of white matter lesions around 6-12 months after engraftment, without any reversal or repair of the already established lesions (Kemp et al., 2016; Miller et al., 2011; Shapiro et al., 2000) . However, as there is significant morbidity and mortality associated with this treatment, HSCT is only recommended for individuals with evidence of active cerebral disease (Kemp et al., 2016; Raymond et al., 2007) . Five-year survival after HSCT in those with minimal cerebral involvement (Loes score < 10 and/or no clinical evidence of neurologic dysfunction) is 91% (Miller et al., 2011) . When performed at a later stage of disease (Loes score ≥ 10), mortality is increased (62% 5-year survival for boys with clinical evidence of neurologic dysfunction at time of HSCT), and HSCT may not be recommended at all if disease is exceptionally progressed (Mahmood, Raymond, Dubey, Peters, & Moser, 2007; Miller et al., 2011; Peters et al., 2004; Raymond et al., 2007; Shapiro et al., 2000) .
New York became the first state to add X-ALD to their state's newborn screening program on December 30, 2013 (Vogel et al., 2015) . Prior to newborn screening, only males who were diagnosed at a young age with X-ALD because of a known family history or because of etiologic work-up of clinical primary adrenal insufficiency had the opportunity for routine screening with brain MRI for cerebral disease. As white matter abnormalities on brain imaging precede outward neurological manifestations, there is a window of opportunity to intervene for individuals with early, clinically pre-symptomatic, cere- All families seen at UMMC received genetic counseling and a consultation with a pediatric neurologist as part of their initial visit. Confirmatory serum VLCFA analysis and ABCD1 mutation analysis were obtained at an initial visit, if not already performed prior to the visit.
Clinical history was obtained and neurologic evaluation of the infant completed. Additionally, a family history (minimum three generation pedigree) was taken and reviewed to assess for at-risk family members. Families were encouraged to communicate risk information to family members, and information regarding appropriate testing for those family members at risk (VLCFA analysis and/or ABCD1 mutation analysis) was provided. Pedigrees were updated as family members completed testing.
In cases where a variant of uncertain significance (VUS) was identified in the ABCD1 gene, targeted mutation analysis of other family members was completed to determine whether the variant tracked with biochemical disease (elevated VLCFA) in an attempt to clarify the significance of the variant. Table 1 ). Given that all infants were subsequently confirmed positive with diagnostic testing, there were zero false positive results for X-ALD during the time analyzed; positive predictive value (PPV) for screen positive cases = 100%. Of the 44 infants with initial screen borderline results, the majority were within normal limits on a separate repeat specimen; however, three were screen positive on their repeat specimen and were subsequently confirmed to have X-ALD via serum VLCFA analysis (PPV for screen borderline cases = 6.8%).
ABCD1 analysis was also completed in all cases, and a variant was detected in all but one case (Table 1 ). This case is discussed in further detail below.
The false negative rate was not specifically assessed in the current study. No reports of false negative cases were received during the study period, though the time period analyzed may be too short for these cases to have presented clinically.
Based on results from the first year of screening in Minnesota, the overall birth prevalence of X-ALD in this population was 1 in 4,845. Plasmalogens, pipecolic acid, phytanic acid, and pristanic acid were also sent for M9 and were normal. Results of genetic testing returned with a pathogenic ABCD1 variant for both M3 and M9, and no other variants were detected in any of the other analyzed genes.
| Family member analysis
Of the 14 probands, family history and subsequent familial diagnostic workup was available for 13. Two of these 13 probands had a known family history of X-ALD prior to the proband's diagnosis on NBS, and for the purpose of this report, these two cases were not included in further familial analysis. For the remaining 11 families, 32 male family members had testing for ALD (primarily VLCFA analysis) following the proband's diagnosis, and 17 of these males had elevated VLCFA, consistent with X-ALD (Table 2) . Additionally, 24 females were confirmed to be a carrier of X-ALD, either through confirmatory testing (VLCFA analysis and/or ABCD1 targeted mutation analysis) or because they Note: Demographic and phenotypic information for family members diagnosed with X-ALD following diagnosis in proband. This data excludes information from two families with a known family history of X-ALD prior to diagnosis in proband. Abbreviations: ALD, adrenoleukodystrophy; AMN, adrenomyeloneuropathy; X-ALD, X-linked adrenoleukodystrophy.
were an obligate carrier based on the family history. Thus, a total of 41 family members were diagnosed with X-ALD (either hemizygote or heterozygote) following diagnosis in a proband on NBS, for an average of 3.7 family member diagnoses per proband. Importantly, not all atrisk family members had completed testing at the time of this article, indicating this number is likely an underestimate of the true number of affected family members that will be diagnosed as a result of newborn screening.
Only one case was confirmed to have occurred de novo, for a de novo rate of around 7.7%. An additional family had not completed targeted maternal testing at the time of the study.
At the time of this writing, aside from the clinical findings in families with a known family history of X-ALD prior to newborn screening, mild neuropathy symptoms were self-reported in 11.8% of male family members (66.7% of males >18 years of age), and 29.2% of female family members (Table 2 ). Only one of the subsequently diagnosed males were found to have childhood cerebral disease. Thus, the frequency of cerebral disease found after first evaluation of affected male family members was 5.9%. However, it must be noted that aside from this symptomatic male, 7 of the other 16 male relatives with X-ALD were younger than 10 years of age, and thus still at a high risk for developing childhood cerebral disease. The individual with active cerebral disease had no outward clinical symptoms of cerebral disease; however, brain MRI revealed T2 hyperintensity within the white matter and corpus callosum. His cerebral disease was caught relatively early, with a Loes score of two, and hematopoietic stem cell transplantation was recommended. This same male was also found to have adrenal insufficiency.
| DISCUSSION
This is one of the first reports describing outcomes of population screening of X-ALD on a newborn screening platform. While the benefits of adding X-ALD to newborn screening programs and the potential lives saved are undeniable, there are several novel challenges not previously encountered with other conditions tested for in NBS programs.
Our study found that over the first year of screening in Minnesota, 14 infants screened positive for X-ALD on NBS, and all were subsequently confirmed positive. These results suggest that C26:0-LPC detection by LC-MS/MS is an effective and specific population-based screening assay for X-ALD, with a high positive predictive value with confirmation of all screen positive results during the year analyzed. As five females were also detected, this NBS assay may also be a reliable test for detecting female heterozygotes. In fact, one study concluded that C26:0-LPC from dried blood spots is actually more sensitive at detecting female heterozygotes than serum VLCFA levels (Huffnagel et al., 2017) .
| Variability in prevalence of X-ALD
In the first year of screening in Minnesota, the birth prevalence of X-ALD in males was found to be 1 in 3,878. This birth prevalence is more than five times the incidence in males observed by Bezman et al. (2001) in which the incidence was calculated based on VLCFA results from two of the main laboratories that completed testing at the time, Kennedy Krieger Institute and Mayo Medical Laboratories (Bezman et al., 2001) . The birth prevalence found in Minnesota was also more than four times that observed in males detected by NBS in New York State, which was 1 in 16,074 (Caggana, 2018) . The overall birth prevalence in both males and females in Minnesota was 1 in 4,845, which was comparable, though still higher, to that detected by NBS in Connecticut, which was 1 in 9,341.
One factor contributing to the observed higher birth prevalence in Another explanation could simply be a higher incidence of X-ALD in the state of Minnesota for reasons that are currently unclear. It is also possible that Minnesota had a skewed birth prevalence in the first year of screening, and that the true birth prevalence will decline over time. However, to fully appreciate the causes of the frequency differences, more time will be needed to both assess clinical symptomatology of the infants identified and determine if cases are being missed, as no false-negative results have been reported thus far, even in states with higher cut of values.
| Phenotypic spectrum
Disease presentation for X-ALD is highly variable, even within the same family. This means that once a newborn is diagnosed, we are not able to predict in which way, at which age, or how severely, the disease will present in that individual.
To date, all newborns detected by newborn screening in Minnesota have been asymptomatic without adrenal or cerebral involvement. This is not surprising, as the oldest individual identified by NBS is only around 24 months of age at the time of this writing, younger than we would typically expect signs or symptoms to manifest. It is expected that with time, some of these boys will be diagnosed with primary adrenal insufficiency and childhood cerebral disease.
Eleven probands without prior known family history of X-ALD received care at the University of Minnesota. From these 11 probands, an additional 41 family members (17 male and 24 females) were confirmed to also have X-ALD. Of these family members, cerebral disease was subsequently diagnosed in one individual, a 6-year-old brother of the proband identified on NBS. This same individual also had adrenal insufficiency. All other affected males had brain MRI and adrenal function studies that were normal. AMN-like symptoms were self-reported in two males and seven females. Worth noting, the majority of adult family members did not have a neurologic evaluation, so it is possible AMN symptoms would have been evident on exam in individuals that self-reported no consistent clinical manifestations.
These mild/asymptomatic phenotypes in affected family members, in combination with the higher observed prevalence of disease, raises the possibility that the spectrum of ALD may be broader than previously thought, and that milder/seemingly asymptomatic cases could have previously been underrepresented.
| Genotypic spectrum
Both frameshift and missense variants in the ABCD1 gene were detected, and there were no apparent mutational hotspots. There were numerous novel variants which appeared to be private, familial variants. 
| Spectrum of diagnostic results
Much is often learned about the phenotypic spectrum of disease after population-based screening such as NBS, and X-ALD is likely to be no exception. In addition to the higher prevalence than previously reported with a more prominent mild/asymptomatic phenotype, the cases below highlight that there is still much to be learned to regard the diagnostic tools used for X-ALD (genetic testing and VLCFA analysis).
One male (M1) had a personal and family history (brother, mother, and maternal male cousin) of elevated VLCFA; however, no Based on a de novo rate of only 7.7% in our study, and a similar rate in other studies, it is clear that X-ALD is inherited in the vast majority of cases (Wang et al., 2011) . Once a proband is diagnosed on NBS, there are often dozens of family members that are at-risk for the condition. Because of the highly variable nature of the disease presentation even within a family, a diagnosis cannot be ruled out simply because someone is seemingly healthy without associated symptoms.
These family members should undergo diagnostic testing to determine whether they have X-ALD. 
| Conclusion & future directions
The benefits of adding X-ALD to newborn screening programs and the potential lives saved are predicted to be significant. The LC-MS/MS assay used in Minnesota has proven to be robust and highly effective at detecting affected individuals, with Minnesota confirming all screen positive results in the first year of screening. However, there are unique challenges with adding this condition to NBS including variants of uncertain significance, inability to predict phenotypic severity in confirmed cases, and downstream diagnoses of numerous family members based on the X-linked inheritance pattern.
Based on these unexpected challenges, our center adjusted protocols for handling NBS cases, both in regard to initial notification and confirmatory testing, and as it relates to ongoing care for this patient population.
Initially, following notification of a positive NBS for X-ALD, the primary care provider was requested to order confirmatory VLCFA analysis, and only refer if X-ALD was confirmed. Because this process took over a month in numerous cases, and taking into consideration the reliability of the NBS assay for this condition, the protocol was updated to eliminate the need for the primary care provider to order confirmatory testing. Rather, patients were immediately referred to a genetic counselor where the condition was discussed, family history obtained to assess for other at-risk males, and confirmatory VLCFA and ABCD1 analysis drawn. This allowed families to receive accurate information and confirmation of diagnosis in a timely manner.
In an attempt to meet the ongoing needs of this large patient population, a multidisciplinary adrenoleukodystrophy clinic was created at UMMC to meet the comprehensive medical needs of presymptomatic newborns detected by NBS and their family members.
Specialty centers in states that are just beginning screening for X-ALD may want to proactively assign responsibility for the initial notification and follow-up diagnostic testing for these cases. Given the high positive predictive value of the LC-MS/MS screening assay for X-ALD, a different approach may need to be considered for this condition compared to other screened conditions which have higher rates of false positive screens. Furthermore, states should be prepared for, and anticipate detecting, far more cases than predicted based on previously reported disease incidence and may want to proactively consider where the medical home for these patients will be.
Overall, adding X-ALD to Minnesota's newborn screening program proved immediately beneficial. Not only were a high number of probands detected and placed on a monitoring protocol, but a number of affected family members were also subsequently detected, including one young male with early, clinically-silent cerebral disease, and adrenal insufficiency. X-ALD was much more common than anticipated with a birth prevalence of 1 in 4,845 in the first year of screening.
With the higher anticipated birthprevalence and subsequent detection and diagnosis of numerous family members, thoughtful planning and coordination by specialists will be imperative for successful implementation of population-based screening for X-ALD.
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